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Description 

DIFFRACTIVE WAVE MODULATING 

DEVICES 

BACKGROUND OF THE INVENTION 

[0001] (1) Field of the Invention 

[0002] The present invention relates to devices for modulating 
waves. In particular, the present invention relates to de- 
vices that use a pair of complementary zone plates to per- 
form such modulation. 

[0003] (2) Brief Description of Prior Art 

[0004] | n recent years, spot array generators have attracted lots 
of attentions in the fields of high-speed and high- 
resolution image generation owing to their unique capa- 
bilities of being able to generate large field images with a 
very high resolution by providing a massive amount of 
image pixels in a parallel fashion. 

[0005] shown in FIG. 1 is an illustration of a conventional spot 

array generating system 100 having 4 pixels. A spot array 



102 is an image formed by a lens array 104 on the array's 
focal plane 106 when the lens array 104 is illuminated by 
light beams 108. The lenses in the array can be either re- 
fractive or diffractive. In order to generate dynamic im- 
ages for the purpose of high-resolution image generation, 
it is necessary to provide means for modulating the indi- 
vidual light spots in the spot array. In the conventional 
spot array generating systems as shown in FIG. 1, a spa- 
tial light modulator (SLM) 110 is placed in series with the 
lens array 104 and is used to modulate the light intensity 
of each spots. Additional components such as lens sys- 
tems 112, and aperture arrays 114 may be needed in or- 
der to provide the pixel-to-pixel matching between the 
SLM 110 and the lens array 104 and to eliminate un- 
wanted light. 

[0006] For example, Darioi Gil, et al., J. Vac. Sci. Technol. B(20), 

p2597(2002), demonstrated a lithographic apparatus em- 
ploying a combination of a Grating Light Valve array and a 
zone plate array. Kenneth C.Johnson (U.S. Pat No. 
6,177,980, issued on January 23, 2003) proposed a litho- 
graphic system using a combination of various SLM arrays 
with a microlens array. Even though the functionality of 
some of these combinations has been successfully 



demonstrated, there are serious limitations to these ap- 
proaches. Commercial applications usually require a reso- 
lution that is at least as high as the resolutions of today's 
commonly used display formats. For example, it is prefer- 
able to use a display having a resolution of 1024 x 768 
pixels, or a total of 786,432 pixels. To combine a lens ar- 
ray with a SLM, both of which have a very large number of 
pixels, precise alignment between the components is crit- 
ical. Such a mechanical arrangement is vulnerable to envi- 
ronmental effects such as temperature changes and me- 
chanical vibrations. Therefore, the precise alignment is 
often difficult to maintain. Besides, the needs for addi- 
tional necessary optical components such as lens systems 
and aperture arrays result in the loss of optical efficiency, 
increased system size, complexity and cost. The invention 
of Henry Smith (U.S. Pat. No. 5,900,637, issued on May 4, 
1999) addressed some of the issues by integrating a mi- 
cro-shutter array with a zone plate array. The proposed 
micro-shutters electronically rotate a micro-plate sub- 
stantially in or out of the light path of each lens elements 
in order to turn the corresponding light spot OFF or ON. 
This type of SLM is not expected to have a fast response 
time due to the required large mechanical motion of the 



micro-plate in order to achieve a full modulation. And the 
fabrication process of the integrated lens array and mi- 
cro-shutters is quite complex. 

[0007] spot array generating systems using a combination of a 
lens array and a SLM have many other disadvantages. For 
example, microlens arrays are arrays of diffractive lenses. 
They are difficult to manufacture, especially for large ar- 
rays of diffraction limited lenses. Their fabrication process 
is not compatible at all with the CMOS technology. On the 
other hand, existing SLMs have their shortcomings as 
well. Digital micromirror arrays, such as the DLP™ manu- 
factured by Texas Instruments, TX, is not very fast due to 
the large motions needed to modulate the light beams. 
The Grating Light Valve (GLV) array manufactured by Sili- 
con Light Machines, CA, has a very short response time. 
However due to the asymmetrical ribbon design, GLVs are 
not appropriate for 2D arrays and are also not polarization 
independent. Liquid crystal based SLMs modulate light by 
changing the orientation of molecules, and consequently 
have significant polarization losses. 

[0008] Therefore, for applications of high performance image 
generation systems, it is desirable to have a spot array 
generating device that is very compact, reliable, and easy 



to use. Preferably it is a single integrated device that is 
capable of both modulating and focusing an incoming 
wave. It is also desirable to have a spot array generating 
device that is suitable for 2-D arrays, has a very short re- 
sponse time, and is polarization independent. It is still 
desirable to have a spot array generating device that is 
low cost, easy to fabricate, and compatible with CMOS 
technology. Currently there is no prior art that satisfies 
these features numerated above. 
[0009] Fresnel zone plates, or zone plates for short, were in- 
vented more than a century ago. As described by most 
optics textbooks, a zone plate is a transparent plate with 
a set of concentric zones made opaque to the incident 
wave. This type of zone plates is sometimes referred to as 
amplitude zone plates. The outer radius R of the nth 
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zone is determined by the following equation 
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[001 1] where n is a positive integer, A is the wavelength of the 

incident wave, and F is the focal length of the primary fo- 
cal point of the zone plate. It commonly refers to the 
zones that have an even index n as the even zones, and 
the zones that have an odd index n as the odd zones. The 
size ds of the diffraction limited spot formed by a zone 
plate is governed by the same equation for refractive 
lenses, ds = X/NA, where NA is the numerical aperture of 
the zone plate. A zone plate is a diffractive optics. It also 
behaves like a lens capable of forming images and focus- 
ing waves. 

[° 012 ] Illustrated in FIG. 2 is a typical transmissive amplitude 

zone plate 140 under the illumination of an incident wave. 
The incident wave 142 is diffracted by the clear zones 144 
into a series of focal points 146, 147, and 148, with most 
of the energy being at the first or the primary focal point 
148. A corresponding set of virtual focal points, formed 
on the right-hand side of the zone plate, is not shown 
here for clarity. Such a zone plate also carries a substan- 
tial amount (~25%) of plane wave component in the for- 
ward direction. Since half of the incident wave is blocked 
by the opaque zones 149, this type of zone plates is not 
very efficient. To overcome the problem of low efficiency, 



a phase-reversal zone plate was proposed in 1888 by 
Lord Rayleigh and demonstrated in 1898 by R. W. Wood, 
Philos. Mag. V45, 51(1989). The basic idea of a phase-re- 
versal zone plate is to convert the opaque zones into 
transparent zones, and also change the phase of the 
waves passing through them by 180 degrees. A construc- 
tive interference between the diffracted waves coming 
from the clear zones and those coming from the phase- 
reversed zones results in a four-fold increase in the in- 
tensity of waves at the focal points. Phase-reversal zone 
plates are often simply referred to as phase zone plates. 
Phase zone plates have been used frequently in X-ray op- 
tics. 

[0013] it should be noted that all of above descriptions for trans- 
missive zone plates can be used to describe the properties 
of reflective zone plates. For example, the waves leaving a 
reflective zone plate consist of both diffracted and re- 
flected waves. The diffracted waves form a series of focal 
points along the axis of the reflective zone plate. 

[0014] a major limitation of both amplitude zone plates and 

phase zone plates is that the intensities at the focal points 
of the zone plates are fixed once the zone plates are 
made, and can not be changed dynamically. Improve- 



merits by several inventors provided certain degree of dy- 
namics to zone plates. For example, Dennis S. Greywall 
(U.S. Pat. No. 5,684,631, issued on Nov. 4, 1997) invented 
an optical modulator/switch including a reflective zone 
plate. The modulator modulates a light beam by changing 
the orientation of the reflective zone plate, therefore the 
angular positions of the focal points of the zone plate. 
This type of modulator/switch can be used for multiplex- 
ing or switching optical signals. However, it is not suitable 
for generating spot arrays. George W. Webb (U.S. Pat. No. 
5,360,973, issued on Nov. 1, 1994) proposed a dynamic 
zone plate deflector made of a semiconductor material for 
forming and scanning millimeter wave radiation. The idea 
is to spatially modulate the density of charge carriers, and 
therefore the dielectric property of the semiconductor 
material. However, the invention can not be used for radi- 
ation of shorter wavelength such as visible light or ultravi- 
olet light since these radiation can not pass through the 
semiconductor materials. Toshio Naiki ( U.S. Pub. No. 
2002/0071172, published on Jun. 13, 2002) disclosed a 
diffractive optical device based on the acoustooptical ef- 
fect of certain materials such as Lithium Niobate. By 
changing the frequency of a radio frequency (RF) signal 



applied to a circular interdigital transducer fabricated on 
an acoustooptical material, the focal length of the diffrac- 
tive optical device is changed or modulated. Since the 
acoustooptical effect is a weak effect (only a few percent), 
the modulation is quite small. The requirement of RF elec- 
tronics also makes it impractical to integrate such diffrac- 
tive optical devices into a large array. Therefore, prior art 
of dynamic zone plates failed to provide a modulator that 
is suitable for being used as spot array generators. 
[0015] (3) objects and Advantages 

[0016] Accordingly, it is the object of this invention to provide an 
integrated modulator/dynamics zone plate that acts as 
both a modulator and a focusing lens. An array of such 
integrated modulator elements can be used as a sport ar- 
ray generator, replacing entirely the conventional combi- 
nation of discrete elements of lens arrays, SLMs, and the 
associated optical components, and eliminating the needs 
of precision alignment. The present invention greatly re- 
duces the size, and improves the stability, reliability, and 
handling capability of the modulator. 

[0017] a further object of this invention is to provide a modulator 
that can generate diffraction limited spot and gray level 
output, operates at high speed (response time of less than 



one microsecond), has high contrast ratio, and is polar- 
ization independent. 

[0018] Another object of this invention is to provide a modulator 
that is easy to fabricate, compatible with CMOS technol- 
ogy, and can be volume produced. 

[0019] yet another object of this invention is to provide a modu- 
lator which is both polarization independent and wave- 
length independent, and can be used with fiber optic 
technology. 

[0020] Further objects and advantages of the present invention 
will become apparent from the following detailed descrip- 
tion taken in conjunction with the accompanying draw- 
ings, illustrating, by way of examples, the principles of the 

invention. 
SUMMARY OF THE INVENTION 

[0021] The present invention relates to a wave modulator that 

comprises a pair of complementary reflective zone plates. 
The modulator performs the functions of both a modula- 
tor and a focusing lens, therefore greatly reducing the 
size, simplifying the design, lowering the cost, and im- 
proving the performance of optical systems that incorpo- 
rate such modulators. The present invention also provides 
arrays of zone plate modulator elements, which can be 



used as compact and high performance spot array gener- 
ators. The present invention further provides a modulator 
that is both polarization and wavelength independent, 
making it especially suitable for the fiber optic technol- 
ogy. The modulators described by the present invention 
can be micromachined using the CMOS compatible pro- 
cessing techniques and can be manufactured on large 
scale. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

[0022] FIG. 1 shows a schematic representation of a typical spot 

array generating system in prior art. 
[0023] FIG. 2 shows a typical conventional zone plate in prior art. 

[0024] FIG. 3a shows a pair of complementary zone plates. 

[0025] FIG. 3b shows a pair of complementary zone plates with 

the second zone plate being replaced by a mirror. 
[0026] FIG. 4 is a perspective view of a micromachined zone plate 

modulator according to the preferred embodiment of the 

present invention. 
[0027] FIG. 5a is the top view of the micromachined modulator 

shown in FIG. 4. 
[0028] FIG. 5b is a cross-sectional view of the micromachined 

modulator shown in FIG. 4 when the first zone plate as- 



sembly is in the un-deflected position. 

[0029] FIG. 5c is a cross-sectional view of the micromachined 
modulator shown in FIG. 4 when the first zone plate as- 
sembly is deflected downwards. 

[0030] FIG. 6a -6k show the process flow of fabricating the zone 
plate modulator shown in FIG. 5. 

[0031] FIG. 7a - 7b show the top view and cross-sectional view 
of an alternate construction method of the first zone plate 
assembly in one embodiment of the present invention. 

[0032] FIG. 8a - 8b show the top view and cross-sectional view 
of an alternate construction method of the first zone plate 
assembly in another embodiment of the present invention. 

[0033] FIG. 9 shows the top view of the zone plate modulator ac- 
cording to the preferred embodiment with the zone plates 
having an aperture similar to the shape of the modulator. 

[0034] FIG. 10 shows another embodiment of the present inven- 
tion having a stationary first zone plate assembly. 

[0035] FIG. 11 shows another embodiment of the present inven- 
tion having a stationary first zone plate assembly and with 
additional mechanical supports for the second zone plate 
assembly. 

[0036] FIG. 12 shows another embodiment of the present inven- 
tion using a transparent substrate and optionally a top 



cover structure. 

[0037] FIG. 13 shows an improvement of the zone plate modula- 
tor shown in FIG. 5. 

[0038] FIG. 14a - 14b show a one-dimensional array of zone 

plate modulators and the spot array generated by the ar- 
ray in another embodiment of the present invention. 

[0039] FIG. 15a - 15b show a two-dimensional array of zone 

plate modulators and the spot array generated by the ar- 
ray in another embodiment of the present invention. 

[0040] FIG. 16a - 16b show a two-dimensional staggered array 
of zone plate modulators, the spot array generated by the 
array, and the projection of the spot array in another em- 
bodiment of the present invention. 

[0041] FIG. 17a shows a schematic of a wavelength dependent 
modulator in prior art. 

[0042] FIG. 17b shows a schematic of a wavelength independent 
modulator in prior art. 

[0043] FIG. 18 shows the arrangement of reflective surfaces of an 
achromatic zone plate modulator according to one em- 
bodiment of the present invention. 

[0044] FIG. 19 shows the structure of an achromatic zone plate 
modulator in another embodiment of the present inven- 
tion. 



[0045] FIG. 20 shows a particular case of the achromatic zone 

plate modulator shown in FIG. 19. 
[0046] FIG. 21 shows the calculated attenuation flatness curve as 

a function of the attenuation for the achromatic zone 

plate modulator shown in FIG. 20. 
[0047] FIG. 22 shows a schematic representation of a variable 

optical attenuator system comprising achromatic zone 

plate modulators in accordance with one embodiment of 

the present invention. 
DETAILED DESCRIPTION OF THE INVENTION 

[0048] The present disclosure is divided into three different, yet 
related sections. The first section describes a diffractive 
modulator comprising a pair of complementary reflective 
zone plates. The second section describes a diffractive 
modulating device comprising a plurality of the diffractive 
modulators described in Section one. The third section 
describes an achromatic diffractive modulator comprising 
a pair of complementary reflective zone plates. The zone 
plates are arranged in such a manner that the modulator 
attenuates an incoming wave independent of wavelength 
and polarization of the incoming wave. 

[0049] |. a zone plate modulator 



[0050] The present invention provides a diffractive modulator 
comprising a pair of complementary reflective zone 
plates. A pair of complementary reflective zone plates 150 
is defined according to FIG. 3a. The first reflective zone 
plate is a zone plate 152 on which the alternate zones 
154 (for example, the even zones) are reflective and the 
remaining zones 156 (for example, the odd zones) are 
transmissive. Whereas, the opposite zones 159 (for exam- 
ple, the odd zones) on the second reflective zone plate 
158 are reflective. The first reflective zone plate 152 is 
positioned above the second reflective zone plate 158, 
and is aligned with the second reflective zone plate so 
that the centers of both zone plates are on the same axis 
perpendicular to the zone plates. The radii of the zones 
on both zone plates are designed with similar parameters 
so that when the two zone plates are superimposed on 
top of each other at their centers, they form a complete 
mirror. When an incident wave impinges upon the pair of 
complementary reflective zone plates, half of the incident 
wave is reflected by the first zone plate 152. The other 
half passes through the first zone plate 152, is reflected 
by the second zone plate 158, and passes through the 
first zone plate 152 again. Then the waves reflected from 



both zone plates combine together. It should be clear to 
the one skilled in the art that the respective reflective and 
transmissive zones on a pair of complementary zone 
plates can be interchanged producing the same wave ef- 
fect. An improvement to the above complementary reflec- 
tive zone plates is shown in FIG. 3b. A mirror 160 is used 
to substitute the second reflective zone plate. Since the 
transparent zones 156 of the first reflective zone plate 
152 determine the active regions on the mirror, it auto- 
matically creates a self-aligned zone plate that is comple- 
mentary to the first zone plate 152. The improvement 
greatly simplifies the construction of the zone plates and 
also eliminates the need of alignment between the zone 
plates. 

[0051] Preferred embodiment 

[0052] The preferred embodiment according to the present in- 
vention is shown in a prospective view in FIG. 4. The mod- 
ulator can be micromachined using micro- 
electromechanical system (MEMS) fabrication processing 
methods. The top view of the preferred embodiment in 
FIG. 5a shows a first reflective zone plate assembly 170 
being connected to four deformable resilient beams 182 
by linkages 184. The deformable resilient beams 182 are 



supported by posts 186 at the ends of the beams. The 
cross-sectional view in FIG. 5b shows that the first zone 
plate assembly 170 includes a transparent conductive 
layer 172, which serves both as an electrode and a me- 
chanical support for the reflective zones 176. The reflec- 
tive zones 176 have a substantially reflective surface, and 
are on top of the support layer 172. Also shown in FIG. 5b 
is a mirror 180 on top of a substrate 188. The mirror 180 
serves as the second reflective zone plate, and is comple- 
mentary to the first reflective zone plate 170. The cross- 
sectional view of FIG. 5b further reveals that the first zone 
plate assembly 170 is suspended above the mirror 180 by 
deformable resilient beams 182 via linkages 184. The de- 
formable resilient beams 182 are anchored to the sub- 
strate 188 by posts 186 at the ends of the deformable re- 
silient beams 182. The transparent electrode 172 on the 
first reflective zone plate assembly 170, and the metallic 
mirror 180 on the substrate form a parallel plate capaci- 
tor. Alternatively, a substantially conductive substrate, 
such as silicon, can be used to serve as the second elec- 
trode. The mechanical property of the transparent con- 
ductive layer 172 can be further enhanced by adding a 
dedicated transparent mechanical support layer (not 



shown). 

[0053] The operation of the preferred embodiment is as the fol- 
lowing. The first zone plate assembly 170 is a movable 
plate assembly. When a voltage is applied between the 
two electrodes 172 and 180 of the parallel plate capacitor, 
an electrostatic force is exerted on the two plates. The 
force pulls down the first reflective zone plate assembly 
170 by deforming the deformable resilient beams 182, as 
shown in FIG. 5c. The first reflective zone plate assembly 
itself remains substantially flat when it is deflected from 
its original position. The distance d between the surface of 
the reflective zones on the first reflective zone plate as- 
sembly 170 and the surface of the mirror 180 defines the 
separation between the two. When an incident wave illu- 
minates the modulator in the normal direction, the path 
difference AP between the waves diffracted by the first re- 
flective zone plate and the mirror is twice of their separa- 
tion, AP=2d. The amount of the deflection relates to the 
applied voltage. When the voltage is zero, the first reflec- 
tive zone plate assembly 170 returns to its un-deflected 
position due to the returning force of the resilient beams 
182. 

[0054] a s mentioned in previous discussion, the waves coming 



out of a reflective zone plate consist of both diffracted 
and reflected waves. It should be easy to see that if the 
distance d is zero, d = 0, then the reflective zones from 
both zone plates of a pair of complementary zone plates 
make up a flat mirror. Therefore according to the theory 
of wave interference, in a first configuration where the 
path difference Ai 5 = mX, where m is an integer starting 
from zero, the modulator behaves like a mirror and re- 
flects the incident wave back in the opposite direction 178 
of the incident wave 174 as shown in FIG. 5c. At the same 
time, a destructive interference between the diffracted 
waves occurs resulting in zero intensity at the focal points 
of the zone plates. In a second configuration where the 
path difference AP = (m + 1/2)X, the modulator behaves 
like a phase zone plate. A constructive interference be- 
tween the diffracted waves occurs, quadrupling the inten- 
sities at the focal points 189, as shown in FIG. 5b. At the 
same time, the waves reflected from the two zone plates 
are 180 degrees out of phase canceling out each other. At 
any other values of AP, the output from the modulator is a 
mixture of diffracted and reflected waves. By changing the 
relative distance d, one can therefore modulates the in- 
tensity of either diffracted waves or the reflected waves, 



with the modulation being periodic in d. In practice, either 
the diffracted or reflected waves can be used to represent 
the information being modulated. An aperture is placed 
behind the modulator to separate the diffracted waves 
from the reflected waves. A very high contract ratio can be 
achieved by using an aperture with an appropriate numer- 
ical aperture value. 

[0055] one of the great advantages of the present invention is 
that a full modulation is achieved with only a very small 
change of d, that is 1/4 X or 109 nm for an incident wave 
having a wavelength X = 436 nm. Therefore the modula- 
tor can be activated by using a much smaller force. 

[0056] The distance between the first reflective zone plate as- 
sembly and the mirror can be changed by using many 
methods including motors, stepping motors, translators, 
and pushers. The distance can also be changed by apply- 
ing a force to the movable zone plate assembly, where the 
force can be generated by effects including electrostatic, 
piezoelectric, magnetostrictive, electromagnetic, magnetic 
and thermal effects. The modulator can modulate any type 
of waves including electromagnetic waves (radio waves, 
visible light, infrared light, ultraviolet light, deep ultravio- 
let light, extreme ultraviolet light, and X-rays), acoustic 



waves, and matter waves. Even though, the preferred em- 
bodiment illustrated in FIG. 4 and FIG. 5 is exemplified 
with an optical wave and an electrostatic force, it should 
not be considered as limitations to the present invention. 

[0057] There are two important parameters that characterize the 
performance of the zone plate modulator: a) the resonant 
frequency which determines how fast the modulator can 
respond to external force, and b) the activation voltage 
which sets the requirement of driver electronics. The basic 
theories describing the mechanical and electrical charac- 
teristics of the micro-electromechanical systems (MEMS) 
as these shown in FIG. 4 and FIG. 5 are provided in many 
textbooks, such as the book, Microsystem Design, edited by 
Stephone D. Senturia, Kluwer Academic Publishers, 2000. 

[0058] As an example, consider a design of the preferred em- 
bodiment for a near ultraviolet (UV) application with X = 
436 nm. Assume that the zone plates have a numerical 
aperture value of 0.5. The first reflective zone plate as- 
sembly is 50 pirn x 50 urn, and is made of 224 nm indium 
tin oxide (ITO). The reflective zones on the first reflective 
zone plate assembly are made of a layer of 50 nm thick of 
aluminum. The deformable resilient beams are made of 
200 nm thick of silicon nitride with a tensile stress of 400 



MPa, and are 50 |jm long and 1.5 M m wide. Such a zone 
plate modulator is capable of producing a diffraction lim- 
ited spot of 1.04 urn in diameter. The smallest zone width 
is about 500 nm, which can be readily fabricated using 
today's lithographic technologies. The design parameters 
can be easily adapted for different spot sizes. 

[0059] Examine the resonant frequency first. The first reflective 
zone plate assembly and the deformable resilient beams 
form a spring-mass oscillator with an calculated spring 
constant of ~ 85 N/m. The estimated resonant frequency 
of such a mechanical system is about 4.5 MHz, which 
means that the response time of the system is less than 
100 nanoseconds. 

[0060] The activation voltage for achieving a full modulation de- 
pends on the initial distance d. In the example of FIG. 5, 
the first zone plate assembly is deflected by an electro- 
static force, which is generated by a voltage source con- 
nected between the first zone plate assembly and the 
substrate. It is well known in the art that for a mechanical 
system comprising a parallel plate capacitor, there is an 
inherent instability if the system is voltage driven. When 
the deflection is within a 1/3 of the initial distance d be- 
tween the two plates, then the deflection is proportional 



to the applied voltage. However, if the deflection is more 
than 1/3 of the initial distance, the deformable resilient 
beams collapse, and the top plate touches the bottom 
plate or the substrate. This phenomenon allows the pre- 
ferred embodiment with electrostatic force activation to 
operate in two distinct modes, proportional mode and bi- 
state mode. In order to use a smaller activation voltage 
that can be provided by commonly used integrated cir- 
cuits, the distance d should be as small as possible. 
[0061] For a proportional mode zone plate modulator, the initial 
distance dean be set to one wavelength or 436 nm. Since 
a deflection of 1/4 A provides a full modulation, such a 
deflection is only 1/4 of the initial distance, well within 
the limit of proportional operation. For a proportional 
mode zone plate modulator, the output of the modulator 
can be controlled continuously by a voltage source. The 
required activation voltage to achieve a full modulation for 
the example above is estimated to be less than 13 volt- 
ages. 

[0062] For a bi-state mode zone plate modulator, the initial dis- 
tance dean be set to 0.5 wavelength or 218 nm. The out- 
put of the modulator in this case is either ON or OFF. The 
activation voltage for a bi-state modulator for the exam- 



pie above is estimated to be less than 7 voltages. It has 
been shown that when the two micro-plates touch each 
other, they have the tendency to stick. Ridges can be 
made in the optically inactive regions on either of the 
plates on the side of surfaces facing each other to prevent 
the top plate from sticking to the bottom plate. 
[0063] The fabrication process flow of the preferred embodiment 
is now shown in FIG. 6a - 6k. The process starts with the 
deposition of a layer of 50 nm aluminum 242 on a silicon 
wafer 240. The first lithography and etching step defines 
the mirror 244 serving as the second reflective zone plate 
as shown in FIG. 6b. Then a layer of LPCVD polysilicon or 
amorphous silicon 246, 392 nm thick, is deposited as a 
sacrificial material and will be removed later. Other sacri- 
ficial materials such as oxides and polymers can also be 
used. The second lithography and etching step opens 
holes 248 on the sacrificial layer 246 as shown in FIG. 6d. 
This is followed by the depositions of a layer of 224 nm 
thick of ITO 250 and a layer of 50 nm thick of aluminum 
252 as shown in FIG. 6e and FIG. 6f. These materials also 
fill in the holes 248 on the sacrificial layer 246 to serve as 
the supporting posts. Another lithography step delineates 
the reflective zones 254 on the first reflective zone plate 



assembly by etching the aluminum layer 252 as shown in 
FIG. 6g. After the reflective zones are patterned, a layer of 
200 nm thick of silicon nitride 256 is deposited, and pat- 
terned to form the deformable resilient beams 258 as 
shown in FIG. 6i. The ITO layer 250 is then patterned to 
define the first zone plate assembly and linkages 260. The 
linkages 260 connect the first reflective zone plate as- 
sembly to the deformable resilient beams 258 as shown in 
FIG. 6j. The last step of the fabrication process is to re- 
move the sacrificial layer 246 using Xenon Difluoride etch, 
resulting in the configuration illustrated in FIG. 6k. Now 
the first reflective zone plate assembly 262 is suspended 
above the substrate 240 by the deformable resilient 
beams 258 through linkages 260. Release holes (not 
shown) on the transparent regions of the first reflective 
zone plate assembly can be made to assist the removal of 
the sacrificial layer. 
[0064] Additional embodiments 

[0065] According to one embodiment of the present invention 

shown in FIG. 7a and 7b, the first zone plate assembly can 
also be made on a transparent insulating plate 190. In this 
case, the only function of the plate 190 is to provide a 
mechanical support for the metallic reflective zones 192. 



The metallic reflective zones 192 are inter-connected by 
bridges 194 to form a complete conductive layer serving 
as the electrode for applying the activation voltage. The 
plate 190 can be made of any transparent materials in- 
cluding glass, quartz, sapphire, various oxides, and vari- 
ous fluorides. The reflective zones 192 are made of re- 
flective materials such as aluminum, gold or silver. 

[0066] | n another embodiment of the present invention, the first 
zone plate assembly can further be made using a non- 
transparent mechanical support plate 200 as shown in 
FIG. 8a and 8b. The regions 206 between the reflective 
zones 202 are removed to allow waves to pass through. 
The metallic reflective zones 202 are inter-connected by 
bridges 204 to form a complete conductive layer serving 
as the electrode for applying the activation voltage. The 
mechanical support plate 200 can be made of any conve- 
nient materials including silicon nitride, silicon oxides, 
sapphire, quartz, tungsten, and aluminum. The reflective 
zones 202 are made of reflective materials such as alu- 
minum, gold or silver. 

[0067] | n a || 0 f above illustrations, the zone plate modulators 
have a square shape. The active region of the reflective 
zone plates, however, is circular and is simply determined 



by the outer circle of the largest zone, which serves as a 
limiting aperture. The area ratio of the circle to the square 
defines the fill factor, which is a measure of how much of 
the surface area of a modulator can be used for modulat- 
ing the incoming wave. Without considering the size of 
the deformable resilient beams, and the gaps between the 
reflective zone plates and the deformable resilient beams, 
the fill factor of previous examples is 78% due to the un- 
used corners of the square modulators. It is desirable to 
increase the fill factor, therefore the optical efficiency, of 
the modulator. In one embodiment of the present inven- 
tion, the aperture shape of the reflective zone plates is 
substantially similar to the shape of the modulator. As il- 
lustrated in FIG. 9, both the first reflective zone plate as- 
sembly 210 and the second reflective zone plate assembly 
(not shown) have a square aperture similar to the shape of 
the modulator 214, therefore increasing the fill factor to 
100%. In other cases, a hexagon aperture can be used for 
a modulator having a shape of hexagon. 
[0068] FIG. 10 shows another embodiment of the present inven- 
tion. In the configuration of FIG. 10, the first reflective 
zone plate assembly 300 remains fixed. Instead, the sec- 
ond reflective zone plate assembly (shown as a mirror 302 



on a supporting plate 303) is movable, and is controlled 
by the voltage applied between the mirror 302 and the 
electrode 304 on the substrate 310. The second reflective 
zone plate assembly is suspended above the substrate 
310 by the deformable resilient beams 306 through link- 
ages 308. This configuration has the advantage that the 
first reflective zone plate assembly is not part of the acti- 
vation electrical circuit. Therefore, there is more freedom 
to select the materials used for the first reflective zone 
plate assembly. 

[0069] | n another embodiment of the present invention as shown 
in FIG. 11, the second reflective zone plate assembly in- 
cludes a dedicated optical layer 310 and a dedicated me- 
chanical layer 312. The two layers are connected by a 
central post 314. The improvement provided by this em- 
bodiment is that the properties of the optical layer 310, 
such as flatness, is not affected by the mechanical layer at 
all, therefore ensuring maximum flexibility in design and 
modulator performance. 

[0070] Another embodiment of the present invention is shown in 
FIG. 12. The zone plate modulator receives and diffracts 
light waves from the substrate side. The substrate 350a is 
made of a transparent material. A layer of transparent 



conductive material 350b serves as the first electrode. Re- 
flective zones 350c in conjunction with the substrate 350a 
and the transparent electrode 350b form the first reflec- 
tive zone plate assembly 350. Alternatively, the transpar- 
ent conductive layer 350b can be omitted. Instead, the 
metallic reflective zones 350c can be connected by 
bridges to form the first electrode, in a way similar to FIG. 
7 and Fig. 8. A mirror 354 is suspended above the first 
reflective zone plate assembly 350 by a mechanical sup- 
port layer 356. The mirror 354 and the support layer 356 
serve as the second reflective zone plate assembly that is 
complementary to the first reflective zone plate assembly 
350. The mirror also serves as the second electrode. The 
first electrode and the second electrode form a parallel 
plate capacitor for generating the electrostatic force to the 
second zone plate assembly. The support layer 356 is 
connected to deformable resilient beams 358 by linkages 
360. The deformable resilient beams 358 are connected 
to the substrate 350a by posts 362. Optionally, a top 
cover 364 can be bonded or clamped onto the modulator. 
The top cover can also comprise a semiconductor die hav- 
ing the driving, processing and storage circuitry for con- 
trolling the operation of the modulator. 



[0071] The operation of the zone plate modulator in FIG. 12 is 
similar to the operation of the preferred embodiment 
shown in Fig. 5. A voltage applied between the first elec- 
trode 350b and the second electrode 354 produces an 
electrostatic force, which pulls down the mirror 354 and 
the support layer 356, therefore changing the distance 
between the first and second reflective zone plate assem- 
blies. The output light intensity, either reflected or 
diffracted, is then modulated accordingly. 

[0072] Ramifications 

[0073] when a beam of light passes through the transparent re- 
gions of the first reflective zone plate assembly as shown 
in FIG. 5b, there is a slight amount of reflection from both 
the front and back surfaces of the transparent plate 172 
due to the mismatch of the refraction indices between air 
and the plate material. It is highly desirable to reduce the 
total reflection caused by the transparent plate. It is a 
well-known fact that there is a tt phase shift between the 
two reflections from the two surfaces of a transparent 
plate. Therefore, the total reflection can be cancelled by 
destructive interference if the thickness t of the plate is 
chosen to be 

[0074] 2tn = mX 



[0075] where n is the index of refraction of the plate, and m is 

v 

an integer. This is the condition of a single layer anti- 
reflection plate. In our previous example, for the purpose 
of reducing reflection, we have chosen the thickness of 

the ITO plate to be 224 nm for m=2, and n = 1.95 for a 

v 

wave having a wavelength X= 436 nm. 

[0076] it can also be seen from FIG. 5b that the light beams re- 
flected by the mirror 180 pass twice though the transpar- 
ent plate 172 of the first reflective zone plate assembly. 
Whereas, the light beams reflected directly off the zones 
176 on the first reflective zone plate assembly never pass 
the plate. This difference creates an amplitude imbalance 
between the two groups of light beams if the transparent 
plate has losses. This effect can be eliminated by placing 
the reflective zones 176 on the underside surface of the 
transparent plate 172 as shown in FIG. 13. Therefore, 
both groups of light beams have identical amplitudes. 

[0077] The exact number of deformable resilient beams and link- 
ages should be determined by the design criteria of the 
desired mechanical properties. The positions of the link- 
ages and the support posts can also be placed at differ- 
ence locations along the deformable resilient beams to 
tailor the mechanical response of the modulator. 



[0078] Usually a micromachined mechanical oscillator, such as 
the zone plate modulators of the present invention, ex- 
hibits many periods of oscillations when it is excited by a 
step function. This phenomenon is caused by the high Ce- 
faclor of this type of oscillators, and is undesirable for 
many applications. Two approaches can be used to pre- 
vent the oscillation. The first approach is to tailor the ex- 
citation signal at the driver circuit level so that the drive 
signal does not cause the oscillation. The other approach 
is to introduce mechanical dissipation to the modulator. 
This is well known in the art and is done by encapsulating 
the modulator in a gas environment at the packaging 
level. By properly selecting the type of gas and the gas 
pressure, the modulator can be properly damped. 

[0079] For some applications, it is desirable to use a modulator 
that is capable of providing a gray level output. One of the 
advantages of the present invention is that it is very sim- 
ple and flexible to produce a gray level output. Gray level 
output can be achieved either analogically or digitally us- 
ing the present invention. A proportional mode modulator 
is naturally an analog device. Its output level is directly 
controlled by the applied voltage. Alternatively, the gray 
level effect (perceived by human eyes) can be achieved 



digitally using the zone plate modulator in either the pro- 
portional mode or the bi-state mode by taking advantage 
of the high operating speed of the modulator. In the pro- 
portional mode, the modulator is pulsed between the first 
and second configurations. In the bi-state mode, the 
modulator is pulsed between the ON and OFF state. In ei- 
ther case, the output brightness is changed proportionally 
by changing the pulse width. This technique is commonly 
referred to as pulse width modulation (PWM). For exam- 
ple, a standard TV display has a frame rate of 30 frames 
per second with each frame being 33 ms long. Therefore, 
an ON state pulse of 16.5 ms = 0.5 * 33 ms corresponds 
to the mid-level gray output. A further improvement is to 
use a number of short pulses to replace one long pulse of 
the PWM method, and to spread out the short pulses 
evenly throughout a frame time. By changing the number 
of short pulses, the output brightness is changed propor- 
tionally. Again for a standard TV application, a frame time 
of 33 ms is divided into 256 units. Each unit is a pulse 
having a pulse width tp = 129 us. Assume that an ON 
pulse is represented by "1", and an OFF pulse is repre- 
sented by "0". Therefore a pattern of "1111 ...11" pro- 
duces a gray level of 256, and a pattern of "1010... 10" 



generates the mid-gray level of 128. A dark frame is pro- 
duced by the pattern of "0000. ..00". Since the ON pulses 
are distributed evenly throughout the frame time, this 
method produces a visually smoother image than the PWM 
method. 

[0080] The substrate 188 in FIG. 5 can be made of any conve- 
nient materials including any of the semiconductors such 
as silicon, silicon-on-insulator wafers (SOI) and germa- 
nium, compound semiconductors including silicon- 
germanium (SiGe), silicon carbide (SiC), gallium-arsenide 
(GaAs). It can also be a semiconductor die having elec- 
tronic driver circuitry, processing circuitry, and storage. 
The substrate can also be transparent materials including 
silicon oxide (quartz, fused quartz, and fused Silica), alu- 
minum oxide (Sapphire), Barium Fluoride (BaF2), Calcium 
Fluoride (CaF2) Lithium Fluoride (LiF), Magnesium Fluoride 
(MgF2), and various type of glasses. 

[0081] Suitable materials for the transparent conductive plate 
172 in FIG. 5 includes various type of doped indium ox- 
ides (In203: Sn), tin-oxides (Sn02: Sb, Sn02: F), zinc ox- 
ides (ZnO:AI, ZnO:Ca, ZnO:ln), and cadmium ox- 
ide(CdO:Sn, CdO:ln). 

[0082] Materials appropriate for the deformable resilient beams 



include metals (aluminum, tungsten, titanium, molybde- 
num, etc.), semiconductors (silicon, polysilicon, silicon 
carbide, etc.), various nitride (silicon nitride, aluminum ni- 
tride, etc.), and oxides (silicon oxide, aluminum oxide, 
etc.). Multi-layers of these materials can also be used to 
tailor the material properties such as stress. 
[0083] The reflective materials for the reflective zones 176 and 
the mirror 180 in FIG. 5 can be a layer of any materials 
that have a high reflectance to the incident wave. Alu- 
minum or silver can be used for visible range, all the way 
down to mid UV. Materials such as gold, silver, and copper 
can be used from visible to infrared. The reflectance of 
these single layer metals can be enhanced by adding a 
multiple dielectric coatings such as various fluorides 
(magnesium fluoride, lithium fluoride, calcium fluoride), 
or silicon carbide. The multiple dielectric coating on alu- 
minum can extend the usable range into deep UV. The re- 
flective materials can also be made of alternating multi- 
layers of dissimilar materials (high reflectivity and low re- 
flectivity, high z and low z) for shorter wavelength such as 
extreme ultraviolet (EUV) light or X-rays. The thickness of 
each layer in the alternating multilayer materials is such 
that the light reflected from each layer interferes con- 



structively. For example, multilayers of alternating films of 
silicon and molybdenum can be used for EUV light. 

[0084] Materials suitable for the transparent substrate in FIG. 12 
includes silicon oxide (quartz, fused quartz, and fused Sil- 
ica), aluminum oxide (Sapphire), barium fluoride (BaF2), 
calcium fluoride (CaF2), lithium fluoride (LiF), magnesium 
fluoride (MgF2), and various type of glasses. 

[0085] Conclusions 

[0086] present invention provides many technological advance- 
ments to prior art. In particular, the zone plate modulator 
in the present invention is a single and compact inte- 
grated device performing both the modulating and focus- 
ing functions, therefore greatly reducing the size, weight, 
and cost of optical systems. The zone plate modulator 
also eliminates the aligning optics as required in conven- 
tional technology, making the modulator substantially less 
susceptible to the influence of environmental factors. 
Other advantages include very short mechanical response 
time, and low activation voltage requirement. Owing to 
the symmetrical design of the zones, zone plate modula- 
tors are polarization independent in nature. Another ad- 
vantage of the present invention is that the modulator can 
be micromachined using CMOS compatible fabrication 



process. Therefore, it can be manufactured on large scale, 
significantly reducing the unit cost. 
[0087] n_ Arrays of zone plate modulators 

[0088] Another embodiment of the present invention is an array 
of zone plate modulator elements. Each zone plate modu- 
lator element in the array is one of the embodiments of 
the zone plate modulators in Section I, and can be indi- 
vidually controlled independent of other elements in the 
array. As discussed previously, a zone plate modulator is 
capable of focusing an incoming wave into a spot. There- 
fore such an array of zone plate modulator elements con- 
stitutes a compact and high performance spot array gen- 
erator. 

[0089] The array of zone plate modulator elements can be a one- 
dimensional array 380 as shown in FIG. 14a. On the focal 
plane 382 of the array, a one-dimensional spot array 384 
is formed as shown in FIG. 14b. The spot size ds is deter- 
mined by the design parameter of the modulator elements 
and can be diffraction limited. The array of zone plate 
modulator elements can also be a two-dimensional array 
386 as shown in FIG. 15a with its image 390 formed on 
the focal plane 388 of the array as shown in FIG. 15b. The 
individual elements of the array in FIG. 15a are also i 1 1 us— 



trated with having a square aperture. In both one- 
dimensional or two-dimensional arrays illustrated above, 
the spacing between the spots in the spot array is the 
same as the spacing between the modulator elements of 
the array. A much higher density one-dimensional spot 
array can be generated by using a staggered two- 
dimensional array of zone plate modulator elements 392 
as shown in FIG. 16a. Each row in a staggered two- 
dimensional array is shifted horizontally by an amount of 
as. Looking into the direction normal to the rows of the 
spot array 394 in FIG. 16b, one sees a much denser one- 
dimensional spot array 398. If the shift distance us equals 
to the spot size ds, then a connected one-dimensional 
spot array is form. 
[0090] Two-dimensional images can be formed by using any of 
these array forms of zone plate modulator elements. For 
example, coupled with a mechanical scanning of the 
imaging surface in the direction normal to the array, a 
two-dimensional image can be generated on an imaging 
surface using a one-dimensional array or a staggered 
two-dimensional array of zone plate modulator elements. 
The apertures of each modulator elements in an array can 
be circular or can be chosen to be similar to the shape of 



each modulator elements to achieve a high fill factor. For 
example, an array of two-dimensional zone plate modula- 
tor elements with each modulator positioned on a square 
grid, the aperture is preferably a square one as illustrated 
in FIG. 15. 

[0091] The embodiment of the present invention provides many 
advantages. For example, an array of zone plate modula- 
tors can be used as a compact spot array generator, re- 
placing the complex and bulky systems of the conven- 
tional technology as shown in FIG. 1. In addition, the 
present invention also greatly improves reliability and ef- 
ficiency, and lowers the cost over the conventional tech- 
nology. 

[° 092 ] III. Achromatic zone plate modulators 

[0093] The optical properties of the zone plate modulators de- 
scribed so far depend on the wavelength of the incident 
wave. For a zone plate modulator designed for C-band (X 
= 1525nm ~ 1562nm) applications, the output intensity 
varies by as much as 3 dB across the band at an attenua- 
tion of - 40 dB. For certain applications such as variable 
optical attenuators (VOA), it is highly desirable to have a 
wavelength independent modulation/attenuation. Godil et 
al. (Achomatic optical modulator, U.S. pat. No. 6,169,624, is- 



sued on January 2, 2001) described a method of compen- 
sating the wavelength dependence for optical attenuators 
that operate based on the principle of light beam interfer- 
ence. 

[0094] According to prior art, a typical modulator as illustrated in 
FIG. 17a consists of a first reflective surface 400 and a 
second reflective surface 402 having equal amplitude El = 
E2 = E0. The two surfaces are suspended above a substrate 
404. The idea of compensating the wavelength depen- 
dence described by Godil et al. (Achomatic optical modulator, 
U.S. pat. No. 6,169,624, issued on January 2, 2001) is to 
split one of the two surfaces, say the second reflective 
surface 402 as shown in FIG. 17a, into a reference surface 
402r and a compensating surface 402c having an ampli- 
tude E2r and E2c respectively as shown in FIG. 17b. In the 
un-deflected configuration, surfaces 400 and 402r are 
co-planar, and are suspended above the compensating 
surface 402c by a distance Da = (NX)/2, where Nis an in- 
teger and A is the center wavelength of the incident wave. 
To achieve an achromatic or wavelength independent at- 
tenuation, the amplitude of E2c is set to equal to E2c = El 
I (2N). Therefore, the achromatic performance of the at- 
tenuator is determined by a single parameter Da. 



[0095] one embodiment of the present invention is an achro- 
matic zone plate modulator. As shown in FIG. 18, the em- 
bodiment provides an improvement to prior art, and in- 
cludes a second parameter Dz. The first surface 410 has a 
reflective surface area Ed and can be deflected by an ap- 
plied force. The reference surface 412r has a reflective 
surface area Er. The compensating surface 412c has a re- 
flective surface area Ec. The first surface 410 is positioned 
below the reference surface 412r by a distance Dd= (M\)/2 
in the un-deflected configuration, where Mis an integer. 
The compensating surface 412c is positioned below the 
reference surface 412r by a distance Dcs (NX)/2, where N 
is also an integer. In this discussion, we assume that the 
amplitude of the light reflected by a surface is propor- 
tional to the surface area. To achieve an achromatic mod- 
ulation/attenuation, the amplitude of the compensating 
surface Ec is determined by Ec= (2 M+l) Ed / (2iV), with Er= 
Ed - Ec. FIG. 19 demonstrates the device structure of an 
achromatic zone plate modulator according to one em- 
bodiment of the present invention. The achromatic zone 
plate modulator includes a fixed reference reflective zone 
plate assembly 420, a deflectable reflective zone plate as- 
sembly 422, and a fixed compensating reflective zone 



plate assembly 424. Both the reference reflective zone 
plate assembly 420 and the compensating reflective zone 
plate assembly 424 are partial zone plates. Together, they 
form a complete reflective zone plate that is complemen- 
tary to the deflectable reflective zone plate assembly 422. 
These partial zone plates are made of pre-determined 
number of circular zones as shown in FIG. 19 according to 
the design equations. The partial zone plates can also be 
made of pre-determined amount of fractions, such as arc 
sections, of the circular zones. The compensating reflec- 
tive zone plate assembly 424 can be also replaced with a 
mirror assembly. The first electrode 426 and the second 
electrode 428 form a parallel plate capacitor. A voltage 
applied to the parallel plate capacitor deflects the de- 
flectable reflective zone plate assembly 422. A complete 
extinction of reflected light is achieved when the deflec- 
tion reaches 1/4 A. During the above discussion, the ap- 
proximately equal sign "=" has been used to indicate that 
the optimized parameters may be slightly away from the 
values given by the right hand side of the design equa- 
tions, as illustrated in a particular example below. 
[0096] | n particular, an achromatic zone plate modulator that has 
a simplified device structure is shown in FIG. 20. The 



modulator is designed with Ec/Ed= 0.5, Dd= 0.5X, and Dc= 
1.5X, which corresponds to the case of M = 1 and N = 3. 
The deflectable reflective zone plate assembly 450 in- 
cludes two even zones 452. The complementary reflective 
zone plate assemblies comprise of a reflective surface 454 
on the central island 456 serving as the reference zone 
plate assembly, and a mirror 458 on the substrate 460 
serving as the compensating zone plate assembly. In the 
un-deflected state, the surface of the deflectable reflec- 
tive zone plate assembly 450 is approximately 0.5X below 
the reference surface 454 on the central island 456. In 
turn the mirror 458 is approximately 1.5X below the ref- 
erence surface 454. When a voltage is applied between the 
deflectable reflective zone plate assembly 450 and the 
substrate 460, the downward deflection of the deflectable 
reflective zone plate assembly modulates the incident 
light wave achromatically. The calculated attenuation per- 
formance of the modulator is shown in FIG. 21 for C-band 
applications with Ec/Ed = 0.491, Dd = 0.497X, and Dc = 
1.523 X, where X= 1544 nm. The largest across the band 
attenuation variation (attenuation flatness) is less than 0.1 
dB for attenuation settings ranging from 0 dB to -40 dB. 
The achromatic behavior is highly desirable for many ap- 



plications such as optical attenuators. The embodiment of 
the present invention provides many advantages. The 
modulator has extremely good wavelength flatness, is po- 
larization independent, operates with fast response time, 
and consumes little power. 
[0097] one embodiment of the present invention is a variable 

optical attenuator system as shown in FIG. 22 including an 
achromatic zone plate modulator assembly 480, a lens 
system 482, an input fiber 484, and an output fiber 486. 
The achromatic zone plate modulator assembly 480 can 
be a single achromatic zone plate modulator or an array 
of achromatic zone plate modulators, and is controlled by 
an electronic circuitry 488. In addition, the system may 
also include an aperture or apertures 490 to eliminate un- 
wanted light beams. An input optical signal is guided by 
the input fiber 484 and is coupled to the modulator as- 
sembly 480 through the lens system 482. The optical sig- 
nal, after being modulated by the modulator assembly 
480, returns to the output fiber 486 through the lens sys- 
tem 482. 

[0098] a plurality of achromatic zone plate modulators can be 

configured as a dynamic gain equalizer (DGE) to adjust the 
intensity profile of an optical signal. A DGE includes a 



multiple achromatic zone plate modulators with each 
modulator assigned to a wavelength within a given band 
such as the C-Band, and a control circuitry regulating the 
attenuation of each modulators individually. 

[0099] Calculation shows that the wavelength independent be- 
havior of above achromatic zone plate modulator holds 
true for narrow band applications, such as C-band (1530 
nm-1565nm) or L-Band (1570nm-1610nm). For wide- 
band applications, a multi-channels of achromatic zone 
plate modulators can be configured as a dynamic channel 
equalizer (DCE). Each of the achromatic zone plate modu- 
lators in a DCE covers a narrow wavelength band or sub- 
band. Again, with a proper electrical control signal applied 
to each achromatic zone plate modulator in a sub-band, 
the intensity profile of the wideband optical signal can be 
modified on a sub-band by sub-band basis. 

[0100] while the present invention has been in terms of some 

specific examples and some specific embodiments, it will 
be clear that this invention is not limited to these specific 
examples and embodiments and various modifications or 
changes in light thereof will be obvious to persons skilled 
in the art and are to be included within the spirit and 
purview of this application. 



